Introduction: 5-Fluorouracil (5-FU) is the basis of most combination chemotherapies for gastrointestinal tumors. It is generally well tolerated, but side-effects might require dose-adjustment. As adverse events are not specific to the 5-FU component of the chemotherapy-combination, i.e. neutropenia, diarrhea or cardiotoxicity, the knowledge of 5-FU serum levels might help to attribute these side effects to the 5-FU compound. The optimal concentration-range (AUC, area under the curve) has been described to be within 20 -25 mgh/l. The aim of this study was to analyse the intra-and interindividual variability of 5-FU AUC-levels in patients with 5-FU infusion therapy. Methods: 230 blood samples were obtained from 31 different gastrointestinal cancer patients (esophagus (8), stomach (10), ileum (1), colorectum (12)) treated with 5-FU-infusional regimes, based on a 24-or 48-hour AIO treatment-schedule. 5-FU plasma concentrations were measured using an immunolinked Elisa assay (Saladax 5-FU PCM TM ). Intra-and interindividual differences were analysed before (0 h; n = 115), at 2 -3 hours after the start of infusional 5-FU treatment (n = 19) (early sampling) and towards the end of the infusion (n = 96) (late sampling). Results: Early blood sampling resulted in low 5-FU plasma concentrations (541 ± 127 g/ml) due to saline prefilling (2 -3 ml) of the Baxter pump. Blood sampling at the later time-point resulted in reproducible values (971 ± 81 ng/ml). 5-FU concentrations were dose-dependent with low intraand interindividual variability. However, care has to be taken, as the results can be influenced by inaccurate blood sampling: too early or late sampling (when the folfusor-pump is empty), delayed centrifugation of the tube or hemolysis. Conclusions: With critical analysis of the measurements and correct performance of blood sampling, the measurement of 5-FU plasma concentrations with the immunoassay may in the future allow to optimize 5-FU dosing and to identify the cause of toxicity. Changes of 5-FU clearance in long-term therapy still have to be studied.
Introduction
The fluoropyrimidine 5-fluorouracil (5-FU) is the basis of most combination therapies for gastrointestinal tumors. It has been used in daily clinical oncology for nearly 50 years [1] .
In Germany the high dose AIO schedule is preferentially applied in a dose of 2000 -2600 mg/m 2 as weekly infusion over 24 hours [2] . In Europe, also the French Folfox-4 regimen is used, which consists of 400 mg/m 2 bolus + 600 mg/m 2 continuous infusion (CI) over 22 hours at two consecutive days every other week [3] . From this scheme, the Folfox-6 regimen was developed which consists of 400 mg/m 2 bolus + 2400 (-3000) mg/m 2 as a 46-hour CI with biweekly repetitions [4] . In the United States, mainly the bolus application is given (MAYO regimen: 425 mg/m 2 bolus day 1 -5 with repetitions every 4 -5 weeks) [5, 6] .
The efficacy of 5-FU is increased by infusion of leucovorin (folinic acid) prior to 5-FU. Leucovorin acts as co-activator of the thymidylate synthetase, the main target of CI 5-FU action [7] .With the aim to increase 5-FU efficacy, combination therapies have been introduced about 10 years ago. 5-FU is generally combined with either oxaliplatin (an alkylating chemotherapy agent which leads to the formation of crosslinks within and between DNA strands) [3, 8, 9] and/or irinotecan (a camptothecin analogue which requires bioactivation) [10] [11] [12] [13] [14] . SN-38 acts as a topoisomerase I poison [15] . Other combinations include docetaxel which blocks mitosis by acting on the microtubules [16] , as well as epirubicin which blocks the DNA-polymerase [17] .
In the palliative setting, several antibodies can be used in combination with 5-FU therapy to enhance the antitumor effect. These include cetuximab and panitumumab (EGF-R-antibodies) and bevacizumab (VEGFR-antibody). Other site-specific agents are currently being tested. It has been described, that 5-FU plasma concentrations are not affected by the combined agent [18, 19] .
5-FU is metabolised by the dihydropyrimidine dehydrogenase (DPD), the key enzyme of the pyrimidine catabolism [20] . DPD is found everywhere in the organism, but is mainly expressed in liver, lung, kidney and lymphocytes. DPD activity varies interindividually, however, a complete loss of DPD activity is rare (0.5%) [21] [22] [23] [24] .
5-FU disappears rapidly from the plasma with a half-life of 10 -20 minutes. Its total body clearance varies due to the administration schedule: 0.5 -1.5 l/min for bolus application versus 5 -58 l/min for continuous infusions [25] [26] [27] [28] .
The elevated plasma clearance with continuous 5-FU infusion has been explained by lung and kidney as additional sites of catabolism other than the liver [25] . This would explain why continuous infusion allows higher doses of 5-FU than bolus application.
5-FU is known to have a narrow therapeutic index: High levels can lead to severe side effects, whilst low levels will miss a therapeutic effect [29] . Side effects of 5-FU which frequently lead to dose adjustment are diarrhea (CI), neutropenia (bolus) and hand/foot syndrome (CI). If dose adjustment for toxic side effects is necessary, generally all compounds of the anti-cancer therapy are reduced (e.g. 100% to 75%) whilst possibly only 5-FU might have required reduction [30, 31] . The measurement of 5-FU levels is important as it can help to identify the cause of treatment toxicity in a combination treatment regime and might in the future help to optimize 5-FU dosing with different treatment schedules.
The standard approach for calculating 5-FU dosage is body surface area (mg/m 2 ). However there is a lack of association between body surface area and 5-FU clearance [32, 33] . Individual variations regarding absorption, distribution, metabolism and excretion of 5-FU, support the importance of pharmacokinetic dose management within the individual patient. Other factors that should be considered include the genetic background, performance status, age, sex, weight, and circadian diurnal variation [34] .
Recently Gamelin et al. [19] , using a quite unconventional 5-FU administration schedule, suggested that the optimal AUC (area under the curve) range lies between 20-25 mgh/l. Independent of the 5-FU regimen or schedule, all researchers find nearly the same optimal AUC range [19, [34] [35] [36] .
The AUC value is calculated by multiplying the steady state concentration (C ss ) of 5-FU with the duration of CI:
AUC 24h (mgh/l)= C ss (ng/ml) 24 h/1000 [34] (1)
The Gamelin study postulates, that with continuous infusion over 8 hours, an optimal steady state concentration of 5-FU is in the range of 2500 -3000 ng/ml. These values result in an AUC value of 20 -25 mgh/L. Gamelin et al. [37, 38] have published that the same is true for the FOLFOX 4 regimen. These findings are consistent with an earlier study [39] which measured 5-FU steady state concentrations between 6 -8 M over an infusion period of 24 hours. This corresponds to an AUC-value of AUC 24h = 20 -25 mgh/l and a steady state level of 830 -1040 ng/ml.
As many patients develop cancer at a higher age when comorbidities have developed, prevention of overdosing is as important as prevention of underdosing. Routine monitoring of 5-FU concentrations can be facilitated using a nanoparticle antibody-based immunoassay. The assay has been validated [35] and is readily available to clinicians in the community or academic setting. Compared to the high pressure liquid chromatography (HPLC) method used in previous publications [19, [39] [40] [41] [42] , this method is easier to perform and less time-consuming.
The aim of our study was to analyse the intra-and interindividual variability of 5-FU plasma-levels in patients with 5-FU infusion therapy. This study reports on the experience under "German" conditions using the different AIO 5-FU-based schedules in an out-patient "reallife" setting. It is the first study using the nanoparticlebased immunoassay for 5-FU concentration measurement in a European population.
Methods
5-FU plasma levels were measured in 230 blood samples obtained from 31 consecutive patients (24 male, 7 female, age 63.5 years ± 9, range 45 -78) with gastrointestinal cancers who received a 5-FU based chemotherapy. 8 patients had esophagus carcinoma, 10 patients had stomach cancer, 1 patient with small bowel cancer, and 12 patients had colon carcinoma ( Table 1) . This analysis was approved by the ethics committee of the University Medicine Göttingen.
Different chemotherapy combinations (with dose reduction in some cases) had been given using the following 24-hour continuous-infusion schedules: 1500 mg/m The 5-FU containing solution was applied by a SV4 folfusor during a 24 hour infusion (V max = 130 ml; flow rate 4 ml/h [24 h]) or by a LV5 folfusor (both Baxter, Germany) during a 48 hour infusion (V max = 300 ml; flow rate 5 ml/h [48 h]).
The folfusor pump SV4 and its flow profile are displayed in Figure 1 . The pump has a maximal volume of 130 ml and the flow is driven by the pressure evoked by filling the elastomeric pump balloon with the infusing solution. The flow rate is regulated by the connecting piece which is fixed to the patients' skin. The connecting tubing (50 cm) is prefilled with 2 -3 ml saline solution (0.9% NaCl) for safety reasons. The given flow rate 4 ml/h is adjusted to the following conditions: 33˚C, same level of port and pump, blood pressure within the normal range, and a tube opening of 18 Gauge (instructions manual, Baxter folfusor portable elastomeric infusion system, No. 07-19-61-618 10/2009). For reference, Gamelin et al. [19] have used a battery-operated pump for 5-FU administration.
5 ml EDTA blood were taken before or during 5-FU infusion: early sampling was done at 2 -3 hours after the start of the infusion. As the SV4 folfusor pumps were depleted earliest after 21.5 und latest after 23.5 hours, late sampling was done at 21 -23 hours, before the pump was empty. For the 48 hour infusion schedule, 5-FU infusion mostly ended at about 44 hours. Hence late sampling was done at 41 -43 hours [42] . If the pump was empty at the time point of blood collection, the sample was discarded.
After collection, the blood samples were immediately placed on ice and centrifuged within 30 minutes. The plasma was kept at -20˚C. 5-FU levels were measured using the immunolinked Elisa assay developed by Saladax (Bethlehem, USA), following the Saladax' instructions. This nanoparticle antibody-based immunoassay follows the principle of scattered light and absorption, which occurs with the aggregation of nanoparticles. The aggregation is measured at a wave length between 400 and 650 nm. Multivalent drug-conjugates function as bindingpartner for 5-FU-selective antibodies, which are covalently linked to the surface of nanoparticles. In the 5-FUcontaining sample, the drug-conjugates are competitively displaced, their aggregation is inhibited and the absorption reduced. This displacement is measured as classical inhibition-curve, from which the 5-FU concentration was calculated according to the relevant formula (1). 5-FU plasma concentration measurement has to be performed at steady-state, as the concentrations decrease rapidly (within about 30 min) after the end of the infusion. Since AUC-values are calculated over a time period, we estimated the actual infusion time which was set with a mean of 23 hours for the 24 hour infusion schedule, and 44 hours for the 48 hours schedule. It is to be noted that before the end of the infusion, due to the elastomeric principle of the non-electric-driven pumps, the infusion rate is increased to about 110% (instructions manual, Baxter folfusor portable elastomeric infusion system, No. 07-19-61-618 10/2009, Figure 1 . Hence, 10% was subtracted from the measured 5-FU concentration at the late blood sampling time. Assay precision, linearity, calibretion stability and limit of detection of the nanoparticlebased immunoassay have been validated previously, as have interference, cross reactivity and lower limit of quantitation [35] . 5-FU concentrations obtained by this method correlate with the measurements obtained from liquid chromatography-tandem mass spectrometry [35] . Our analyses were performed on a cobas c111 bioana-lyser (Roche Diagnostics), as smaller sample numbers can be handled more easily. Test runs for assay stability on this machine were performed previously. None of the substances used as co-medication interfere with the detection of 5-FU [35, 43] .
Results
We studied 31 consecutive patients ( Table 1) receiving different AIO 5-FU continuous-infusion regimen over several weeks (mean 13.8 ± 16.1; range 1 -54 weeks). 5-FU was applied either as single agent or in combination with oxaliplatin (FOLFOX), irinotecan (FOLFIRI), oxaliplatin and docetaxel (FLOT), or oxaliplatin and irinotecan (FOLFOXIRI). Cetuximab, panitumumab, or bevazicumab were initially combined in 2, 1, 6 patients, respectively. The values obtained before the start of the 5-FU infusion (0 hours) were stable and ranged within 0 -75 ng/ml. The results for early blood sampling at 2 -3 hours of continuous infusion or after 21 -23 hours (before depletion of the pump) are shown in Figure 2 . The mean steady-state concentrations (C ss ) and the standard deviations for 4 different initial 5-FU doses (1500 mg/m 2 , 1950 mg/m 2 , 2000 mg/m 2 and 2600 mg/m 2 ) using the 24 hour infusion schedule are displayed. The values measured after 2-3 hours were about 56% (range 45% -74%; mean AUC 23h 12.4 ± 2.9 SD; mean plasma concentration 541 ng/ml ± 126.9 SD) of the values obtained after 21 -23 hours (mean AUC-values of 22.3 ± 1.9 SD; mean plasma concentration 971.9 ng/ml ± 81.1 SD), independent of the administered 5-FU dose. We postulate that the steady state level of 5-FU is not reached after 2 -3 hours, due to the saline pre-filling of the pump tubing.
To analyse whether the administered 5-FU dose correlates with the measured 5-FU plasma concentration, the highest 5-FU dose (2600 mg/m 2 ) was normalized to 100 % (Figure 3(a) left panel) . The corresponding mean 5-FU concentration was also normalized to 100 % (Figure 3 To determine the intra-and inter-individual 5-FU concentrations for the different 24 hour dose conditions, the individually obtained values are compared in Figure  4 . Plasma levels for patients (n = 4) with seven or more available values showed relatively stable concentrations with a variation of 17% (13.9% -22.4%) around the individual mean. Also inter-individual plasma concentration (after exclusion of the out-layers), showed relatively stable values within a range of 624 ng/ml ±189 SD for the 5-FU dose of 1500 mg/m 2 ; 879 ng/ml ±198 SD for 2000 mg/m 2 . A slightly higher variation was observed for the higher doses: 897 ng/ml ±273 SD for 1950 mg/m 2 , and 978 ng/ml ± 389 SD for 2600 mg/m 
Discussion
Most anticancer drugs are characterised by a narrow therapeutic window: a small change in dose can lead to poor anti-tumor effects or an unacceptable degree of toxicity. But whilst therapeutic drug monitoring is considered standard practice for select antimicrobial drugs and immunosuppressing agents in organ transplants, where the measurement of drug concentrations in the blood allows to balance efficacy and toxicity, therapeutic drug monitoring is not yet a generally available tool in oncological practice. The prototype drug for pharmacokinetically guided dose adjustment would not only have a narrow therapeutic index, but would have an efficacy or toxicity that is clearly correlated with the measured drug concentrations. A timely method for assaying drug concentrations is also needed. 5-FU is one of the major drugs used in cancer chemotherapy. It embodies many of these characteristics, making it a good candidate for therapeutic drug monitoring [44] . Already, multiple efforts exist which indicate that it should be possible to define therapeutic regimes wherein 5-FU is administered to achieve a targeted C ss determined by the efficacy and the risk and severity of toxicity deemed acceptable [45] .
The measurement of 5-FU plasma concentrations would help to standardize the treatment of the different 5-FUcontaining regimes. A reason for the lack of implementation of concentration-measurement might be the timeconsuming and expensive HPLC method.
Routine monitoring of 5-FU concentrations can be facilitated using a nanoparticle antibody-based immunoassay. Compared to the HPLC methods used in previous publications [19, [39] [40] [41] this technique is easier to perform and less time-consuming. The aim of our study was therefore to analyse the feasibility and intra-and interindividual variability of 5-FU concentration-measurements in patients with 5-FU infusion therapy using an immunolinked Elisa assay.
We measured 5-FU levels in blood samples taken within the first 3 hours after the start of the infusion. The resulting calculated AUC 23h values were low (AUC 23h 12.5 ± SD 2.9; plasma concentration 541 ng/ml ± SD 126.9) compared to the proposed AUC range of 20 mgh/l -25 mgh/l, indicating that every patient would have been underdosed. Low values from at least 2 hours after the start of the infusion have also been described in an earlier publication in American patients receiving 5-FU (2400 mg/m 2 ) as CI, with 51% of the patients below the AUC range of 20 -25 mgh/L [43] . Re-evaluation of our continuous infusion pump system showed that the tubing was pre-filled with sodium chloride so that steady-state concentrations were delayed compared to other publications [19, 46] .
When 5-FU concentrations were measured 2 -3 hours before the end of continuous 5-FU treatment, plasma concentrations where at steady-state and reached the expected AUC-values of 22.3 ± 1.9 SD (plasma concentration 971.9 ng/ml ± 81.1 SD). This was also observed in the individual patients who had lower early blood sampling values for comparison. It also became obvious, that with the elastomeric pump principle, the infusions did not last the expected 24 or 48 hours but were depleted earlier, especially in summer. Sometimes pumps were depleted as early as after 21.5 hours. Earlier sampling (i.e. between 5 and 21 hours) would be possible, however it would require the patient to wait long hours at the outpatient clinic for blood sample collection or to come back another time during the infusion.
Our results confirm that the measured 5-FU concentrations correlate with the applied 5-FU dose when measured in steady-state conditions. We could further demonstrate that with an increase of 500 mg/m 2 5-FU, an increase in the plasma concentration of 200 ng/ml can be expected.
There is further an acceptable inter-individual variation between the different measurements in each patient. This finding supports the use for the measurement of 5-FU plasma concentrations for drug monitoring. Unusual high or low values can be detected reliably, but care has to be taken with the timing of blood sampling.
Some of the patients (14%) had repeatedly higher 5-FU blood levels than other patients with similar dosing schedules (Figure 4) . None of these patients did suffer from toxic side effects. Hence there might be individual plasma concentrations for toxic effects. For the future, plasma concentrations should be correlated with toxic effects and efficacy data in our test system.
Taken together, we could show that the measurement of 5-FU plasma concentrations using an immunoassay is a stable and reproducible method to control 5-FU concentrations in patients receiving 5-FU based chemotherapies. Care has to be taken to assure standardized blood sampling, and obtained values should be confirmed with separate measurements, even though intra-individual variability is low.
Although we measured 5-FU concentrations in patients with different chemotherapy schedules and different diseases, intra-individual variation was low, with about 86% of the patients being within the same concentration range. Our study also shows that there are patients, who tolerate higher doses without side-effects.
For the future, the possibility of pharmacokinetic dose monitoring is important. Individual dose adjustment of 5-FU might become practicable. Until then, the current approach for the handling of side-effects is general dose reduction or change of the therapeutic regime, as some side-effects cannot be attributed to a certain compound within the drug-combination.
In view of sequential versus combination chemotherapy for advanced colorectal cancer, which implies noninferiority for the monotherapy with infusional 5-FU/ leucovorin [10, [47] [48] [49] [50] , the measurement of 5-FU plasma concentrations might help to identify those patients who achieve high plasma levels with 5-FU monotherapy and who might therefore benefit from a sequential treatment.
Acknowledgements
We would like to thank Saladax for providing the 5-FU immunolinked Elisa Assay, and Roche for the Cobas c111 analyser. We further thank Elke Neumann and Corinna Dunaiski for technical assistance and Kamyar Emami for helpful discussions.
